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ISK STRATIFICATION FOR HEART
failure (HF) in older adults involves unique clinical challenges. Elderly individuals comprise the largest subgroup of patients hospitalized for HF, accounting for 80% of the more than 1.1 million US admissions per year. 1, 2 Once diagnosed with HF, older patients respond less well to guideline-based therapy than their younger counterparts, are more likely to require readmission, and are at higher risk for death. [2] [3] [4] Furthermore, prediction models based on traditional cardiovascular risk factors are less adept at identifying cardiovascular risk in older adults compared with younger populations. 5 Blood-based biomarkers, including C-reactive protein (CRP), natriuretic peptides, and troponins, have been advocated as adjuncts to clinical risk factors to identify community-dwelling older patients at high risk for adverse cardiovascular outcomes, but studies examining the additive prognostic value of these markers have reported inconsistent results. [6] [7] [8] [9] [10] [11] Prior studies have Author Affiliations: Departments of Medicine (Drs de-used standard troponin assays that are only able to detect circulating troponin levels in a small proportion of individuals. [9] [10] [11] Recently, a highly sensitive cardiac troponin T (cTnT) assay has been developed, designed to improve low-end accuracy to meet and exceed myocardial infarction diagnosis guidelines. 12, 13 This assay has detected circulating cTnT in almost all patients with chronic HF or ischemic heart disease and provides independent prognostic information with respect to HF admission and cardiovascular death in these patients. 14, 15 We hypothesized that in communitydwelling ambulatory older adults without a prior HF diagnosis, a measurable cTnT concentration would be common using the highly sensitive cTnT assay and that higher concentrations would be associated with a greater risk of new-onset HFandcardiovasculardeathindependent of traditional risk factors. Furthermore, we anticipated that serial measures of cTnT concentrations over time would change, potentially reflecting a dynamic change in risk.
METHODS
Study Population
The Cardiovascular Health Study (CHS) is a multicenter prospective observational study of cardiovascular disease in older adults. For our analysis, participants with prior HF at study entry were excluded. Details of the study methods including data collection and definitions of comorbid conditions have been previously published. 16, 17 FIGURE 1 shows the numbers of participants with adequate serum and without prevalent HF for inclusion in the analysis at both baseline (1989) (1990) for the main cohort and 1992-1993 for the supplemental black cohort) and follow-up periods (3 and 2 years later for the main and supplemental cohorts, respectively). These periods are the first follow-up visit for each cohort.
The CHS was approved by the institutional review boards of the University of Washington, Seattle, and the participating centers. All participants gave written informed consent to participate at the time of study enrollment. Our study was approved by the institutional review board of the University of Maryland, Baltimore.
Biomarker Analysis
All measurements were performed on serum samples stored at −70°C to −80°C and thawed just before testing (maximum of 3 freeze-thaw cycles) in April 2010. Cardiac troponin T concentrations were measured with highly sensitive cTnT reagents on an Elecsys 2010 analyzer (Roche Diagnostics, Indianapolis, Indiana), with an analytical measurement range of 3 to 10 000 pg/ mL. The value at the 99th percentile cutoff from a healthy reference population (n=616) was 13.5 pg/mL. 13 The 10% coefficient of variation concentration is reportedly close to or less than the 99th percentile of the reference population. 13 Details of N-terminal pro-type B natriuretic peptide (NTproBNP, expressed in pg/mL; to convert to nanograms per liter, multiply by 1.0) and CRP measurements in CHS have been described previously. 6, 8 Technologists recording the cTnT results were blind to participant outcomes.
Primary Outcome Measures
Outcome measures were incident HF and cardiovascular mortality. Incident HF events were ascertained by participant interview at semi-annual study visits and through examination of Medicare claims data. Potential HF events and determination of cause of death were assessed by an expert adjudication panel. 18 The CHS Events Committee adjudicated HF by reviewing all pertinent data, including history, physical examination, chest radiography report, and medication use. 19 An HF event was confirmed if, in addition to a physician diagnosis, there was (1) documentation in the medical record of a constellation of symptoms and physical signs; (2) supporting clinical findings; or (3) a record of medical therapy for HF. Incident HF in the current analysis was defined as adjudicated first HF event.
Cardiovascular mortality was defined as mortality related to atherosclerotic heart disease (fatal myocardial infarction and definite and possible fatal coronary heart disease [CHD]), mortality following cerebrovascular disease (fatal stroke), or mortality from other atherosclerotic and cardiovascular diseases including HF. 18 Events ascertained through June 2008 were available for analysis.
Other Covariates
Race was self-identified and for the purposes of our analysis classified as black or other (primarily white and all other self-identified race). Coronary heart disease was defined as a history of angina, coronary revascularization, or myocardial infarction. Electrocardiograms were obtained at baseline and left ventricular hypertrophy was defined as previously reported. 20 Echocardiograms were obtained during the year of the initial cTnT measure for the main cohort and 2 years following the initial cTnT measure for the black cohort. Left ventricular mass, left atrial diameter, and semi- 22 or the score test for trend in proportions, a test of linear trend of the log odds of a binary measure. 23 Cumulative incidence of HF and cardiovascular death for each category of cTnT concentration were estimated using the KaplanMeier method and compared with the log-rank test for trend. Multivariate analyses were performed by using Cox proportional hazard regression models.
Three sets of covariates were selected for adjustment that included (1) demographics (age, sex, race [black vs other]); (2) traditional risk factors were selected from validated risk scores, which differ for HF and cardiovascular mortality. 24, 25 Heart failure models were adjusted for systolic blood pressure, glucose, albumin, CHD, smoking, creatinine, heart rate, and electrocardiographicdetermined left ventricular hypertrophy; and cardiovascular death models were adjusted for systolic and diastolic blood pressure, use of antihypertensive medications, diabetes, CHD, smoking, and total and highdensity lipoprotein cholesterol. 24, 25 (3) Other cardiovascular biomarkers (NT-proBNP and CRP). Because comorbid conditions such as hypertension and CHD are highly prevalent in elderly patients and could influence the association of cTnT with incident HF and cardiovascular death, a subgroup analysis was performed among those participants without either CHD or major HF risk factors.
Change in cTnT concentration was considered using 2 alternative categorizations. First, among all participants with cTnT measured at baseline and follow-up, we compared the risk of HF and cardiovascular death between those with and without detectable cTnT concentrations at follow-up, adjusting for baseline cTnT concentration and for the risk factors described above for each outcome. 24, 25 Second, among participants with detectable baseline cTnT (Ն3.00 pg/mL), those with more than 50% relative increase in cTnT concentration or a more than 50% relative decrease were compared with those with longitudinal change of 50% or less with regard to new-onset HF and cardiovascular death, adjusting for baseline cTnT and for the risk factors described above. The choice of a 50% relative change threshold was specified a priori based on a prior study of short-term change in cardiac troponin I (measured with a highly sensitive assay) in healthy adults. 26 In our analysis of more than 50% change, those participants with undetectable baseline cTnT were excluded.
The incidence rate of HF and cardiovascular death was estimated and compared across categories of cTnT change with the log-rank test, stratifying by baseline cTnT category. At-risk time was defined as time from the second cTnT measurement until the event of interest, death, or the most recent follow-up ( June 2008). Cox proportional hazard regression models stratified on cohort (main vs supplemental) were used for the analyses of change in cTnT level. For these multivariate models for new-onset HF and cardiovascular death, the risk factors described above, respectively for each end point, were entered as adjustment covariates using updated values from the study visit of the second cTnT measurement. 24, 25 We also conducted an exploratory analysis in which we considered cTnT as a continuous measure by imputing a concentration of 2.99 pg/mL for those participants (approximately 34%) with levels below the limit of detection for the assay, and assessed the association between natural log transformed cTnT values and incident HF and cardiovascular death.
Time-dependent C statistics were computed for survival regression models with and without baseline cTnT and interval change in cTnT 27 ; the statistical significance of the improvement in the C statistics was determined using bootstrapping techniques. The net reclassification improvement (NRI) and the integrated discrimination improvement (IDI) 28 were computed for the addition of cTnT to risk-factor adjusted models, and for the addition of change in cTnT to risk-factor adjusted models including only baseline cTnT. The NRI quantifies the extent to which a biomarker correctly reclassifies individuals to a higher or lower category of risk. For these calculations, individuals were categorized according to model-based 10-year risk of HF or cardiovascular death of less than 10%, 10% to 20%, or more than 20%. The IDI quantifies the improvement in predicted risk as a continuous measure.
Statistical analysis was performed by using Stata version 10 (StataCorp LP, College Station, Texas) and timedependent C statistics were generated by using R version 2.1.1 (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was defined a priori as PϽ .05.
RESULTS
Participant Characteristics
Baseline measures of cTnT were available in 3707 participants (74.6%) of the main cohort and 514 participants (80.1%) of the supplemental cohort without prevalent HF. Participants with sufficient sera volumes available for cTnT measurement were more likely to be women, black, and have diabetes and hypertension than those without sufficient sera available (eTable 1, available at http://www.jama.com). Concentrations of cTnT were equal to or more than the limit of detection (Ն3.00 pg/mL) in 2794 participants (66.2%).
SENSITIVE CARDIAC TROPONIN T IN OLDER ADULTS
Higher cTnT concentrations were associated with multiple traditional risk factors, known CHD, abnormal left ventricular ejection fraction, and increased left ventricular mass. In contrast, there was no association between cTnT level and race or body mass index, calculated as weight in kilograms divided by height in meters squared (TABLE 1). The linear correlation of cTnT with NT-proBNP was modest (Spearman rank =0.36, PϽ.001) and with CRP was minimal ( = 0.06, PϽ .001).
Outcomes by Initial cTnT Level
During a median follow-up of 11.8 years (interquartile range, 6.5-16.6 years) from the initial cTnT measurement, 1279 participants experienced new-onset HF and 1103 cardiovascular deaths occurred (among 2872 total deaths). The cumulative incidence of HF and cardiovascular death by cTnT category are shown in FIGURE 2. Differentiation of risk occurred by 1 to 2 y e a r s a n d c o n t i n u e d t h r o u g h follow-up for both end points. The incidence rate for new-onset HF (per 100 person-years) ranged from 1.6 in those participants without detectable cTnT levels to 6.4 for those in the highest category (TABLE 2). After adjustment for clinical predictors of HF, the hazard ratio (HR) for HF for those participants with cTnT levels in the highest category was 2.48 (95% confidence interval [CI], 2.04-3.00) compared with participants with undetectable levels, with modest attenuation in risk after further adjustment for NT-proBNP and CRP. Similar findings were observed with respect to cardiovascular death (HR, 2.91; 95% CI, 2.37-3.58) ( Table 2) . Results were similar for the 1002 participants without CHD or major HF risk factors (eTable 2).
In an exploratory analysis of cTnT as a continuous variable after natural log transformation, we found a continuous relationship with incident HF (per 1-ln unit increment; HR, 1.44; 95% CI, 1.33-1.55; PϽ .001) and with cardiovascular death (per 1-ln unit increment; HR, 1.54; 95% CI, 1.44-1.67; P Ͻ .001) in multivariate models including risk factors described in Table 2 .
Outcomes by Change in cTnT Level During Interval Follow-up
Follow-up cTnT levels were available in 2918 of 3402 participants (85.8%) who returned for follow-up and did not develop HF between the baseline and follow-up period ( Figure 1 and eTable 3). Within each baseline cTnT category, cTnT levels were similar among those participants who did or did not 
SENSITIVE CARDIAC TROPONIN T IN OLDER ADULTS
©2010 American Medical Association. All rights reserved. demonstrate subsequent changes in cTnT at the follow-up measurement (eTable 4). The rate of new-onset HF and cardiovascular death based on the presence or absence of a detectable cTnT on follow-up testing, stratified by initial cTnT category, are shown in eFigure 1 and eFigure 2. The risks of HF and cardiovascular death were higher among those participants with detectable compared with undetectable levels at follow-up, irrespective of the baseline level.
Differentiation of risk for both end points could be further refined by categorizing participants within each category by a more than 50% increase or decrease from baseline level (FIGURE 3). Within each category, risk of HF and cardiovascular death was highest for those with an increase in cTnT level of more than 50% and lowest for those with a more than 50% decrease in cTnT level on follow-up testing compared with participants with a change of 50% or less. For participants with measurable baseline cTnT 
Ͼ12.94 (n = 700)
Heart failure (n = 311) (n = 180) (n = 235) (n = 237) (n = 316) Incidence rate (95% CI), per 100 person-years 1.6 (1. Abbreviations: CI, confidence interval; CRP, C-reactive protein; cTnT, cardiac troponin T; NT-proBNP, N-terminal pro-type B natriuretic peptide. a All models additionally adjusted for baseline cTnT and for Cardiovascular Health Study cohort (main vs supplemental). b Adjusted for age, sex, and race (black vs other). c Adjusted for demographic factors and systolic blood pressure, serum glucose, albumin and creatinine concentrations, coronary heart disease, smoking status (never, current, former), heart rate, and left ventricle hypertrophy on electrocardiogram. d Adjusted for demographic factors and systolic and diastolic blood pressure, use of antihypertensive medications, diabetes, coronary heart disease, total and high-density lipoprotein cholesterol, and smoking status (never, current, former).
dinal change. Results were modestly attenuated and no longer significant after adjusting for NT-proBNP and CRP (Table 3) .
Discrimination and Reclassification
For the prediction of both outcomes, the addition of baseline cTnT measurements to clinical risk factor models only modestly but statistically significantly improved classification (for HF: NRI=0.043 and IDI=0.026; and for cardiovascular death: NRI = 0.040 and IDI=0.021) and discrimination (for HF: difference in area under the curve [⌬AUC]=0.015; and for cardiovascular death: ⌬AUC = 0.013). The addition of change in cTnT level to clinical risk factors and baseline cTnT measures also significantly improved classification for both end points except for the NRI when predicting HF. However, the increment in discrimination was not significant for either end point (for HF: ⌬AUC=0.012, P=.09; and for cardiovascular death: ⌬AUC = 0.007, P=.25) (eTable 5).
COMMENT
Low concentrations of cTnT, measured with a highly sensitive assay, were associated with a gradient of risk for new-onset HF and cardiovascular death in ambulatory community-dwelling individuals aged 65 years or older, independent of clinical variables associated with risk, as well as the cardiovascular risk biomarkers CRP and NT-proBNP. Furthermore, in this population, low cTnT concentrations are shown to frequently change over time. Independent of other risk factors as well as the baseline level of cTnT, these changes are associated with dynamic changes in risk of HF and cardiovascular death, concordant with the direction of change in biomarker level. These findings expand upon prior studies using the highly sensitive cTnT assay outside the acute coronary syndrome setting in 3 ways. First, cTnT concentrations are detectable and of prognostic value in nearly two-thirds of a large geographically and ethnically diverse, stable, but at-risk population of ambulatory older individuals without a prior diagnosis of HF. The lower prevalence of detectable levels in the general population would be expected compared with studies of patients with stable coronary artery disease or symptomatic HF. 14, 15 Second, baseline levels of cTnT, below the range that would be expected to be detected with conventional assays, strongly associate with incident HF and cardiovascular death, independent of standard risk prediction variables. Addition of baseline cTnT to risk factoradjusted models modestly improved discrimination, as measured by the C statistic and the IDI. Third, changes in cTnT during 2 to 3 years in older adults who remain free of HF, even when occurring at concentrations well below the 99th percentile of healthy younger blood donors, 13 are prognostically significant.
These results should be considered in the context of prior findings with both conventional troponin T and I assays and other biomarkers for stratifying cardiovascular risk in communitydwelling older adults. In previous studies of older individuals, detectable levels of cardiac troponins were present in approximately 4% to 8%, and predictive of increased risk of HF, cardiovascular, and all-cause mortality. [9] [10] [11] Similar to studies in patients with chronic but stable cardiovascular disease, the application of the highly sensitive cTnT assay increased the proportion of community-dwelling older adults with detectable cTnT levels approximately 10-fold. 14, 15 Compared with studies that used conventional troponin assays, the markedly increased range of measureable cTnT in our study enables estimation of a gradient of risk across the majority of older individuals, including those with an absence of clinical risk factors (other than age), and also permits examination of the significance of changing cTnT concentrations.
It is not possible from our study to determine the pathophysiology that results in detectable levels and frequent changes over time of cTnT in older adults. Prior evidence has shown that exercise-induced cardiac ischemia can lead to transient very low level increases in cardiac troponin levels as measured by a highly sensitive troponin I assay. 29 Ischemia from known or unknown coronary artery disease must be considered in an older population, but magnetic resonance imaging in another stable older population does not support chronic ischemic heart disease as a predominant etiology linking low levels of troponins with subsequent development of HF. 30 Furthermore, in a younger population with stable coronary artery disease small increases in cTnT levels measured by the highly sensitive cTnT assay were not predictive of myocardial infarction. 15 Our findings also show that cTnT remains predictive of both HF and cardiovascular death in a subgroup of older adults with an absence of traditional risk factors, clinical history of heart disease, or an abnormal left ventricular ejection fraction (eTable 2).
Measurement of cTnT by the highly sensitive assay for risk stratification of older individuals has unique performance characteristics compared with other biomarkers that have been advocated by some for risk stratification in general populations, such as CRP and NT-proBNP. Although CRP has been associated with cardiovascular risk in younger populations, its prognostic value in older populations can be attenuated or absent. 8, 9, 31 In contrast, natriuretic peptides, particularly NTproBNP, perform better in higher-risk populations, including older adults compared with a younger general population. 32 Our findings suggest that very low levels of cTnT provide prognostic information with respect to newonset HF and cardiovascular mortality that is independent of NT-proBNP and CRP levels. The associations with HF were independent of other biomarkers such as renal function and electrocardiographic evidence of left ventricular hypertrophy.
The increment in the C statistic achieved by adding baseline cTnT to other clinical risk predictors is statis-tically significant, although more modest than in prior studies. In our analysis, we used as reference models outcome-specific clinical prediction models optimized for risk prediction in these individuals. 24, 25 The inclusion of variables such as albumin and left ventricular hypertrophy did optimize the clinical model but is beyond the traditional risk factors recommended for inclusion in statistical models when assessing the additional prognostic value of novel biomarkers. 33 As a consequence, these reference models resulted in higher prognostic accuracy (C statistic, 0.75-0.78), even before adding cTnT than that reported in previous studies. 9, 15 Unique to our study is the finding that changes in very low levels of cTnT are common in this cohort of older adults and are independently associated with change in risk of both newonset HF and cardiovascular death. Although it is possible that such changes reflect normal biological variation, the fact that these changes are associated with significant relative and absolute changes in risk regardless of baseline levels suggests that in fact they may represent a dynamic change in disease progression. Previously, we identified in the same population that change in NTproBNP levels over time augmented prognostication above a single baseline measure. 6 Taken together, these 2 findings suggest that serial measurements of both NT-proBNP and cTnT may improve risk assessment in elderly individuals.
Ultimately, the clinical importance of monitoring changes in cTnT levels for risk of progression to symptomatic HF is yet to be determined. This needs to be specifically considered in light of the conflicting findings with regard to improvement in discrimination, with significant improvement in one measure (the IDI) but not another (C statistic). However, the observation that changes in cTnT track with risk of HF and cardiovascular death reflects the dynamic nature of cardiovascular risk in older adults. Further studies are needed to assess whether monitoring low levels of cTnT may provide an opportunity to motivate specific changes in lifestyle or prompt medical interventions before progression to symptoms or cardiac structural abnormalities and to track the outcomes associated with these interventions.
Our study also has several limitations. First, samples were available in approximately three-fourths of the cohort at baseline, and differential absence of cTnT measures may have introduced bias into the estimates of associations with HF and cardiovascular death. Second, the duration of follow-up is a strength of our study; however, cardiovascular therapy has changed over time and it is possible that more ubiquitous use of medications such as statins could blunt the predictive value of the cTnT level. Third, unmeasured and residual confounding may have influenced our results; however, we demonstrate that cTnT concentration provides incremental prediction for HF and cardiovascular death beyond that provided by risk factors commonly used in clinical practice. Fourth, our choice of a more than 50% change in cTnT over time was based on biological variability in younger adults. 26 Biological variability for cTnT using the highly sensitive cTnT assay has been reported to be higher in a small cohort of younger adults, for whom cTnT concentrations were mostly less than 3.00 pg/mL (the limit of detection of the current version of the highly sensitive cTnT assay). 34 Therefore, these results may not be as relevant to our analysis. Biological variability in older adults with greater comorbidities remains to be determined.
CONCLUSIONS
Detectable cTnT levels as measured by a highly sensitive assay were present in the majority of community-dwelling older adults in this cohort, and higher concentrations-within a normal range established for a younger general population-reflect a greater burden of cardiovascular risk factors and imaging evidence of cardiac disease. Independent of these comorbidities, cTnT concentrations were associated with risk of new-onset HF and cardiovascular death. Furthermore, longitudinal changes in cTnT concentrations were common in this cohort and correspond with a dynamic change in risk over time.
